ABSTRACT: The molecular weight dependence of the radii of gyration R g in a Θ solvent (trans-decalin) of one regular branched comb and three regular centipede polystyrenes was studied using a gel permeation chromatography system equipped with a two-angle light scattering detector and a refractive index detector. R g in trans-decalin for each sample of particular molecular weight was about 25% smaller than that in a good solvent (tetrahydrofuran, THF). On the other hand, they are 20-40% larger than the theoretical values from the Gaussian chain model. This difference can be explained with the wormlike comb model developed by Nakamura et al. (Macromolecules 2000, 33, 8323-8328). Persistence lengths thus obtained for each sample were about half of that determined in THF solution. However, they are significantly larger than that for linear polystyrene. These results suggest that a main chain stiffening effect exists in comb polystyrenes even in a Θ solvent.
Introduction
Solution properties of branched polymers have been investigated theoretically and experimentally. The most essential model to explain their unperturbed radius of gyration R g is that based on an assumption of a Gaussian distribution of chain segments. 1 This model reproduced R g almost quantitatively for 3-, 4-, and 6-arm star polymers with the molecular weight of each side chain being more than 10 000. [2] [3] [4] However, R g for star polymers with more arms and comb polymers were found to be systematically larger than the calculated values. 2, [5] [6] [7] [8] [9] This was explained by considering that such branched polymers expand due to the high segment densities. Because comb polymers synthesized at that time had a large distribution in the interval between neighboring side chains, it is desirable to use the polymer having more controlled structure in order to investigate this phenomenon quantitatively.
The first comb polymer having a constant interval between two neighboring side chains was synthesized by polymerization of macromonomers. 10, 11 Some groups [12] [13] [14] [15] [16] [17] [18] [19] [20] found that the main chain of the polymacromonomers behaves as a stiff polymer due to the repulsive force between the side chains as well as that between the main chain and side chain, and that the Kuhn segment length λ -1 increases with increasing the side chain length. This trend is seen even in a Θ solvent. [16] [17] [18] [19] [20] Birshtein and co-workers 21, 22 evaluated the contribution from the excluded-volume effect to λ -1 for comb polymers in Θ solvents. They found that λ -1 is proportional to the 1.375th power of the side chain length, however, it is not easy to compare with experimental data due to no numerical constant being included in this expression. 21, 22 Very recently, Nakamura and Norisuye 23 developed another theoretical work to explain the stiffness of polymacromonomers in good and Θ solvents and found that the total Kuhn segment length λ -1 for the main chain can be expressed as the sum of the Kuhn's segment length λ 0 -1 and λ b -1 from short and long range interactions, respectively. The first term is a constant depending only on the local chemical structure near each junction point and the second term λ b -1 was evaluated without unknown constants and it is proportional to the squared molecular weight of the side chain. However, this theoretical prediction was not confirmed completely because the side chain density of polymacromonomers was too high and λ 0 -1 was much larger than λ -1 for linear polystyrene. This result suggests that comb chains with longer and constant intervals between each junction point should be used to investigate the influence of side chains to the conformation of the main chain.
Recently, a new scheme to make comblike polymers was developed, 24, 25 and comb polymers with fixed side chain length and controlled spacing between nearest neighboring side chains were obtained by the reaction of R,ω-dianionic polymer chains (connectors) with dichlorosilane end-functionalized side chains in a polycondensation reaction. By modification of this strategy, polystyrene centipedes which have two side chains at each junction point were also synthesized. Nakamura et al. 25 reported the molecular weight dependence of R g in tetrahydrofuran (THF) and determined that the main chains of these polymers are much stiffer than that for linear polystyrene. In particular, it was very interesting to investigate the dimensional properties for centipede polymers because no solution data had been reported † University of Tennessee. ‡ Gunma University. § Kyoto University. | University of Athens. ⊥ Oak Ridge National Laboratory. # E-mail: terao@bce.gunma-u.ac.jp. ¶ E-mail: jimmymays@utk.edu.
previously. Therefore, to clarify the long-range interaction in λ -1 , molecular weight dependence of the radius of gyration R g in a Θ solvent (trans-decalin) of one regular branched comb and three centipede polystyrenes was studied using a gel permeation chromatography system equipped with a two-angle light scattering detector.
Experimental Section
A comb polystyrene CS25-35 and three polystyrene centipedes GS15-35, GS40-25, and GS60-15 prepared previously 24, 25 were chosen for this study, and their topological structures are depicted in Figure 1 . Their number Nside of monomer units for each side chain, that Ncon for each connector, and the functionality f at each junction point on the main chain are shown in Table 1 ; i.e. the number of side chains at the junction point is f -2 (f ) 3 for the comb and f ) 4 for the centipede). Molecular weight dependence of R g in trans-decalin at 22°C was determined using a Polymer Laboratories PL-GPC-120 GPC system with a Precision detectors PD-2040 twoangle (15 and 90°) light scattering (TALS) photometer with a 680 nm laser and a refractive index detector. These angles are equivalent to 0.13 × 10 -2 and 3.69 × 10 -2 nm -2 , respectively, in the squared scattering vector k 2 . Injected polymers were fractionated by two Polymer Laboratories PL-Gel mixed bed 10 µm columns (300 × 7.5 mm), connected in series and set to 110°C to avoid adsorption of the polymer to the column, before measuring light scattering and excess refractive index. The accuracy of TALS for measuring R g was recently confirmed for polystyrenes in various solvents over an appropriate range of R g. 26, 27 Theoretically, this range is where Rg is less than about 70 nm for our system when Berry's square root method 28 is applied. A standard polystyrene sample whose weightaverage molecular weight M w was determined with a Wyatt Technology DAWN EOS to be 65 000 was used to calibrate the two-angle light scattering detector. For the experimental details and data processing, consult ref 26 .
Results and Discussion
The curves of the polymer mass concentration c, M w , and R g are shown against the elution volume V e for GS40-25 in Figure 2 . It is seen that this sample was fractionated well in the Θ solvent. We used the M w and R g data thus obtained for the following analysis over the range of elution volume where both the concentration and the scattering intensity are more than 10% of the value at the peak and R g thus obtained is more than 15 nm. This corresponds to 12.4 < V e < 13.2 cm 3 for GS40-25 in Figure 2 . Molecular weight dependence of R g for CS25-35, GS15-35, GS40-25, and GS60-15 in trans-decalin at 22°C is illustrated in Figure 3 along with the data for THF solutions studied previously with the data from a multiangle light scattering detector 25 and TALS. 26 It is seen that data from TALS do not exceed the upper limit for determining R g : 70 nm. While the slope is irrespective of the solvent, R g for each polymer in trans-decalin is about 25% smaller than that in THF due to smaller repulsive forces among segments of a polymer in the Θ solvent. Figure 4 shows the molecular-weight dependence of R g for regular branched polystyrenes in trans-decalin at 22°C along with literature values 26, [29] [30] [31] for linear polystyrene near the Θ temperature 20.4 ∼ 24°C. The temperature is the Θ temperature of linear polystyrene in trans-decalin, [29] [30] [31] and the actual Θ temperature for our branched polystyrene samples may be quite close to the linear polystyrene because phase separation was observed for dilute solutions at the room temperature (18°C) for CS25-35 and GS60-15 in trans-decalin. The radii of gyration R g,b for branched polymers are slightly smaller than those for linear polystyrene, R g,l . This phenomenon is generally seen for branched polymers. [2] [3] [4] [5] [6] [7] [8] [9] Assuming Gaussian bond probability, the ratio g s of R g,b to R g,l for the comb polymer having p junction points is expressed with the ratio r of N side to N con as for normal comb polymers by Berry and Orofino 32 and for the polymer centipede by Nakamura et al. 25 Dashed lines in Figure 5 shows the theoretical values calculated from eqs 1 and 2 and the relation for linear polystyrene with narrow molecular weight distributions in trans-decalin at the Θ temperature 26 The solid line in each panel of Figure 4 shows the calculated values from the equation. Experimental values (circles) for each polymer are about 20% (for CS25-35, GS60-15, and GS45-25) and 40% (for GS15-35) larger than the theoretical curves for the Gaussian distribution. This difference shows unmistakably that the main chain of these polymers has an extended conformation even in the Θ solvent.
To consider the main chain stiffness effect on R g , Nakamura et al. 25 also calculated R g for the wormlike comb polymer whose main chain and side chain having Kuhn segment lengths λ -1 and λ s -1 , respectively, as follows 25 where g(L,L s ,λ,λ s ,p,f) is known as a function of L, L s , λ, λ s , p, and f. L and L s are the contour length of the main chain and the side chain, respectively. It should be noted that L and L s were calculated with the contour length h per styrene monomer unit. This equation should be used for comb polymers in Θ solvent because the excluded-volume effect is not considered in it. We chose 0.27 nm for h because this value was estimated for both linear polystyrene 33 and the main chain of polystyrene polymacromonomers. 16, 17, 20 On the other hand, λ s -1 was assumed to be the value for linear polystyrene (1.8 nm), which was estimated from eq 3 and the relation R g 2 ) hM/6λM 0 for the wormlike chain model at the Gaussian coil limit, because the stiffness of the side chain of the comblike polymers may not be much different from that for linear polystyrene and the theoretical R g values are not sensitive to λ s in the molecular weight range of our polymer samples. Here, M and M 0 are the molecular weights for polymer and monomer, respectively. The estimation of λ s has been made by intrinsic viscosity, diffusion coefficient, and small-angle X-ray scattering experiments for polystyrene polymacromonomers in cyclohexane. 18, 19, 20, 34 λ -1 was estimated by a curve fitting method with eq 4 to represent our experimental R g data, and the values are shown in Table 2 . The ratio of λ -1 in the Θ solvent to that in the good solvent is between 0.5 and 0.56. This result is very similar to known data for polymacromonomers (0.5-0.6). 17, 20 However, the main chain stiffening effect exists in comb polystyrenes even in the Θ solvent because they are still much higher than that for linear polystyrene (1.8 nm).
Nakamura and Norisuye 23 conducted theoretical work to derive λ -1 for comb polymers in a Θ solvent and λ -1 is expressed with the Kuhn length λ 0 -1 for the short- range interactions (independent of the length of side chain) and λ b -1 for long-range interactions as It is expected that the long-range effect for comb polymers is more effective than those for polymacromonomers. The second term λ b -1 was derived from the increase of the free energy accompanying the bending, considering binary and ternary interactions of the side chains. If the side chain consists of N side units of the effective bond length b; this value is estimated to be 0.69 nm from eq 3 and R g 2 ) nb 2 /6, λ b -1 is expressed as 23 for comblike polymers at the Θ point. The ternary cluster integral 3 was estimated experimentally to be 4.4 × 10 -3 nm 6 for linear polystyrene in trans-decalin around the Θ temperature. 35 This value seems to be quite close even for branched polymers because 3 for linear polystyrene ( 3 ) 4 × 10 -3 nm 6 ) 36 in cyclohexane at the Θ temperature was reported to be as large as those for star polystyrenes 3, 4 in the same condition. Therefore, λ b -1 is calculated to be 1.1 × 10 -4 nm for CS25-35 from eq 6. This value is about four orders smaller than the experimental λ b -1 value, 0.9 nm, which is estimated to be the difference in λ -1 for CS25-35 and linear polystyrene. This result suggests that excluded volume interactions among three segments on the side chains are too small to explain the stiffness of comb polymers in the Θ solvent and the difference in λ -1 includes at least higher order interactions and the interactions between the main chain and the side chain.
In the present study, we measured the molecular weight dependence of the radii of gyration for topologically well-defined polystyrenes (combs and centipedes) in trans-decalin at 22°C (Θ conditions). We found that the wormlike comb model is suitable for the polystyrene combs and centipedes even in the Θ solvent and unmistakable stiffness of the main chain was clearly observed due to the excluded volume interactions in the molecule. The Kuhn segment length estimated for each polymer was about half as large as that in THF. This ratio is close to that found for polymacromonomers consisting of polystyrene in cyclohexane (a Θ solvent) and toluene (a good solvent), however the absolute values of λ -1 were not explained by the known theories. (N con h) 3 (6) 
